A threshold-voltage-shift compensation and suppression method for active matrix organic light-emitting diode (AMOLED) displays fabricated using a hydrogenated amorphous silicon thin-film transistor (TFT) backplane is proposed. The proposed method compensates for the threshold voltage variation of TFTs due to different threshold voltage shifts during emission time and extends the lifetime of the AMOLED panel. Measurement results show that the error range of emission current is from À1:1 to +1.7% when the threshold voltage of TFTs varies from 1.2 to 3.0 V.
Introduction
The hydrogenated amorphous silicon (a-Si:H) thin-film transistor (TFT) backplane has the advantage of low cost compared with polycrystalline silicon TFTs for large active matrix organic light-emitting diode (AMOLED) displays, because a-Si:H TFTs do not need the crystallization process. 1) In AMOLED applications, a-Si:H TFTs are used to generate emission current for a frame time because the light intensity of an organic light-emitting diode (OLED) is proportional to the current flowing through the OLED and emission current is a function of the gate-source voltage and threshold voltage of driving TFTs. A positive gate-source voltage is applied to driving TFTs to generate the emission current for a frame time, so the threshold voltage of driving TFTs increases.
2) The gate-source voltage of driving TFTs in each pixel is differently stressed during the display of an image. Therefore, different threshold voltages of driving TFTs in each pixel cause nonuniform luminance. 3, 4) Furthermore, a continuous positive gate-source voltage increases the threshold voltage of driving TFTs continuously. The increased threshold voltage decreases the driving capability of the driving TFTs.
To solve these problems, pixel structures that compensate for the threshold voltage variation have been reported. [5] [6] [7] However, a low channel mobility and a high subthreshold swing of a-Si:H TFTs make it difficult to compensate for the threshold voltage variation of driving TFTs because the charge in the storage capacitor in a pixel is discharged when the driving TFTs are diode-connected. A continuous threshold-voltage-shift of driving TFTs can be suppressed by applying a negative bias to the gate-source of driving TFTs. 8) However, it is difficult to control the threshold voltage of driving TFTs accurately because the amount of positive and negative threshold shifts is different owing to the different bias conditions of the positive and negative stresses.
To solve these problems, we propose a threshold-voltageshift compensation and suppression method for high-imagequality AMOLED displays using an a-Si:H TFT backplane. Figure 1 shows a block diagram of the proposed driving system and its pixel structure. To generate an emission current for an OLED, N1 operates as the driving TFT. N2, N3, and N4 are used as the switching TFTs and C1 is used as the storage capacitor to hold the gate voltage of N1. The operation block, analog-to-digital converter (ADC), and nonvolatile external memory are added to perform the proposed driving operation. The operation block calculates the threshold voltage of the driving TFT in each pixel from the output of ADC and stores the threshold voltage to the external memory. It also performs data modulation to compensate for the threshold voltage variation of the driving TFTs using the stored threshold voltage in the external memory. Figures 2(a) and 2(b) show the timing diagrams of the conventional driving method and the proposed driving method for the 1920 Â 1080 resolution format, respectively. To realize a real-time sensing operation in display time, black frames are intentionally inserted during the half frame time for threshold voltage sensing and suppression operation. Pixels operate in the emission phase during the half frame time. During the half frame time without emission, pixels on panel except for one row line operate in the threshold-voltage-shift-suppression phase, and pixels on one row line operate in the threshold-voltage-sensing phase. When the display has a 1080 row lines, pixels on 1079 row lines operate in the threshold-voltage-shift-suppression phase and pixels on one row line operate in the thresholdvoltage-sensing phase during the black half frame. The row line in the threshold-voltage-sensing phase is sequentially selected in every frame, so it takes the frame time multiplied by row line numbers to sense the threshold voltage of all the pixels on the panel. In the threshold-voltage-sensing phase, the scan1 and scan2 signal intensities become high, then N2, N3, and S1 turn on. The em signal intensity becomes low, and then N4 turns off. A reference voltage (V ref ) is programmed to the gate node of N1 and the source node of N1 is reset to the ground level. Then, when scan1 and S1 signal intensities become low, the voltage of the source node of N1 (V S,N1 ) is charged up to V G,N1 À V th,N1 , where V G,N1 is the gate voltage of N1 and V th,N1 is the threshold voltage of N1. This voltage is transferred to the input node of the ADC, and the ADC converts this voltage to a digital value. A sufficient settling time of V S,N1 can be guaranteed because we can use approximately a half frame time to settle. However, large parasitic capacitances of N1 and N2 cause the capacitive coupling effect and a high substhreshold swing of N1 distorts the settling voltage. Therefore, additional correction is performed in the operation block to sense the exact threshold voltage of N1. Figure 4 shows a schematic diagram of the pixel structure including parasitic capacitance. The total capacitance (CT) can be expressed as
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where C1, C2, C3, and C4 are the storage capacitance, gatedrain capacitance of N2, gate-drain capacitance of N1, and gate-source capacitance, respectively. When scan1 signal transits from high to low intensities, the initial gate voltage of N1 (V G,N1,init ) becomes
where ÁV SCAN1 is the pulse height of the scan1 signal. At the same time, V S,N1 is 0 V, because the source node of N1 is forced to the ground level. Suppose that this initial source voltage of N1 is V S,N1,init . When S1 turns off, V S,N1 is charged up until the voltage difference between the gate and the source is V th,N1 . If we define the settling voltages of the gate and source node as V G,N1,set and V S,N1,set , V G,N1,set and V S,N1,set can be expressed as
respectively. From eqs. (2)- (4), V S,N1,set can be expressed as 
In eq. (5), all factors are known parameters except V th,N1 . Therefore, we can calculate the threshold voltage of N1 after sensing V S,N1,set for the reduction of the effect of parasitic capacitance in the operation block. An insufficient subthreshold slope and a high subthreshold current also distort the voltage of the source node of N1. If V S,N1,set reaches the ideal settling voltage, V S,N1,set increases continuously and passes over the proper settling voltage. We assume that is a nonideal factor depending on the settling time to correct V S,N1,set . The parameter is applied to compensate for capacitive coupling and other nonideal effects. This parameter can be tuned to reduce emission current error from different amounts of threshold-voltage-shift of driving TFTs. The value of is empirically optimized to improve the uniformity of emission current. Finally, the threshold voltage of N1 can be expressed as
The ADC senses V S,N1,set , and the operation block calculates V th,N1 using eqs. (5) and (6) and stores them in the external nonvolatile memory. The frame time multiplied by the number of row lines is required to update the threshold voltage of the entire pixels because the sensing operation is performed with only one row line in a frame time. For example, the threshold voltage of every pixel is updated every 18 s in full high-definition television (HDTV) resolution format displays. In the emission phase, the data modulation is performed to compensate for the threshold voltage of TFTs. If we assume that the threshold voltage of each pixel is stored in the memory, the modulated data (V mod ) is simply expressed as
where V data is the voltage of input video data. The scan1 signal intensity becomes high after data modulation in the operation block and the other switches turn off; the modulated data is programmed to the gate node of N1. After that, the scan1 signal intensity becomes low and em signal intensity becomes high, then the emission current (I E ) produced by N1 during this phase can be expressed as
where , C ox , and (W=L) are the mobility, gate capacitance per unit area, and channel-length to channel-width of N1, respectively. As shown in eq. (8), the emission current is independent of the threshold voltage of driving TFTs. Because the luminance of the OLED is proportional to the emission current, the luminance of OLEDs is independent of the variation of V th,N1 .
In the threshold-voltage-shift-suppression phase, scan1 signal intensity becomes high while the other switches remain off. Then, a sufficiently high voltage (V H ) is programmed to the gate node of N1 to charge V S,N1 up to ELVDD. After that, ELVDD À V mod is programmed to the gate node of N1. At this time, the gate-source voltage of N1 is ÀV mod . N2 turns off and C1 holds the gate voltage of N1 during a half frame time. This operation suppresses the amount of threshold-voltage-shift of N1, because a negative gate-source bias decreases the threshold voltage of TFTs. The positively shifted V th,N1 during the emission phase is shifted negatively during the threshold-voltage-shift-suppression phase. It is expected that the threshold-voltageshift-suppression method can reduce the rate of threshold voltage increment in displaying images; however, it is difficult to control threshold voltage exactly owing to different bias conditions between the emission and threshold-voltage-shift-suppression phases. This inaccurate threshold voltage can be compensated by data modulation in the emission phase; thus, the uniformity of emission current can be improved.
Measurement Results
For the verification of the proposed driving method, AMOLED pixels are designed for a 30-in. full HDTV resolution format using a-Si:H TFT backplane. A photograph of the pixel test pattern is shown in Fig. 5 . and 7(b) show the measurement of the emission current of three pixels that have different V th,N1 values using the conventional method and the proposed method, respectively. For the conventional driving, N3 is set to turn off, N4 is set to turn on, and the waveform of scan1 signal is determined to be the same as that of the proposed driving method; as shown in Fig. 3(c) . The threshold-voltage-sensing phase and threshold-voltage-shift-suppression phase are not applied and data modulation for the compensation is not performed in the conventional driving.
The emission current error range is from À14:3 to +21.5% when the V th,N1 varies from 1.2 to 3.0 V as determined using the conventional method, as shown in Fig. 6(a) . By applying the proposed method, the improved luminance error range is achieved from À1:1 to +1.7% under the same conditions as those shown in Fig. 6(b) .
Conclusions
A threshold-voltage-shift compensation and suppression method for AMOLED displays with a simple pixel structure fabricated using an a-Si:H TFT backplane is proposed. The proposed driving system senses the threshold voltage of driving TFTs and stores the threshold-voltage-shift in the external memory. The compensation of the thresholdvoltage-shift is performed by the data modulation using the stored threshold voltage in the memory. The suppression of the threshold-voltage-shift is achieved by applying negative bias stress to the gate of driving TFTs during a half frame time. The measurement results show that the emission current error range is from À14:3 to +21.5% without compensation, but the error range is from À1:1 to +1.7% when the proposed method is used. It is shown that the proposed method not only reduces the luminance error due to the threshold voltage variation but also suppresses the threshold-voltage-shift of driving TFTs. 
